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ABSTRACT
We present polarisation properties at 1.4GHz of two separate extragalactic source
populations: passive quiescent galaxies and luminous quasar-like galaxies. We use
data from the Wide-Field Infrared Survey Explorer data to determine the host galaxy
population of the polarised extragalactic radio sources. The quiescent galaxies have
higher percentage polarisation, smaller radio linear size, and 1.4GHz luminosity of
6 × 1021 < L1.4 < 7 × 10
25W Hz−1, while the quasar-like galaxies have smaller
percentage polarisation, larger radio linear size at radio wavelengths, and a 1.4GHz
luminosity of 9 × 1023 < L1.4 < 7 × 10
28W Hz−1, suggesting that the environment
of the quasar-like galaxies is responsible for the lower percentage polarisation. Our
results confirm previous studies that found an inverse correlation between percent-
age polarisation and total flux density at 1.4GHz. We suggest that the population
change between the polarised extragalactic radio sources is the origin of this inverse
correlation and suggest a cosmic evolution of the space density of quiescent galaxies.
Finally, we find that the extragalactic contributions to the rotation measures (RMs)
of the nearby passive galaxies and the distant quasar-like galaxies are different. After
accounting for the RM contributions by cosmological large-scale structure and inter-
vening Mg II absorbers we show that the distribution of intrinsic RMs of the distant
quasar-like sources is at most four times as wide as the RM distribution of the nearby
quiescent galaxies, if the distribution of intrinsic RMs of the WISE-Star sources itself
is at least several rad m−2 wide.
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1 INTRODUCTION
Tucci & Toffolatti (2012) recently found that the intrinsic
percentage polarisation of extragalactic radio sources (ERS)
at frequencies > 20GHz is between 2 − 5 per cent, inde-
pendent of flux density. These results were confirmed by
Massardi et al. (2013) using the Australia Telescope 20GHz
(AT20G) Survey, while Sadler et al. (2006) suggest that
there is a trend that fainter sources tend to have higher
percentage polarisation. This anti-correlation between per-
centage polarisation and total flux density has also been
suggested at 1.4GHz by Mesa et al. (2002), Tucci et al.
(2004), Taylor et al. (2007), Subrahmanyan et al. (2010),
and Grant et al. (2010). Recently, Hales (2013) found no
evidence for this trend and attribute the previous re-
sults to selection effects consistent with the reasoning by
Massardi et al. (2013). As a result the anti-correlation of
percentage polarisation with total flux density, if it exists,
remains a mystery.
The first studies of increasing percentage polarisation
with decreasing flux density came from Mesa et al. (2002)
and Tucci et al. (2004) who both suggested a population
change of ERS at fainter flux densities was the cause.
Taylor et al. (2007) went on to suggest that the cause was
a result of a change in the fraction of radio quiet ac-
tive galactic nuclei (AGN). Most recently, Rudnick & Owen
(2014) examined the polarisation properties of radio sources
down to S1.4GHz > 15µJy in the GOODS-N field and
suggest a population change around a polarised flux den-
sity of 1mJy. Studies into the intrinsic properties of po-
larised ERS by Banfield et al. (2011) show a trend of
increasing percentage polarisation with decreasing lumi-
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nosity and no trend with redshift, later confirmed by
Hammond et al. (2012). Subrahmanyan et al. (2010) sug-
gest that this anti-correlation between percentage polarisa-
tion and total flux density is likely to be a transition from
FRII-dominated to FRI-dominated populations, while the
results by Grant et al. (2010) imply that the higher percent-
age polarisation may be originating in the lobe-dominated
structure and not in beamed BL Lac objects. However,
Shi et al. (2010) found no dependence on ERS environment
when comparing highly polarised (> 30 per cent) ERS with
their low polarised counterparts. Shi et al. (2010) went on
to suggest that intrinsic properties of magnetic field order-
ing, thermal plasma density, and magnetic field orientation
to the line of sight are the root cause for highly polarised
ERS.
In this paper we present an analysis of 1.4 GHz po-
larised ERS in combination with optical spectroscopic data
in order to explore this anti-correlation between percentage
polarisation and flux density. We probe polarised radio emis-
sion out to high-redshifts and examine the magnetic fields
within different ERS populations. We outline the sample se-
lection in Section 3 and the nature of the polarised sources
is discussed in Section 4. Section 5 describes the selection
effects of our data, we discuss our findings in Section 6, and
conclusions are presented in Section 7.
The cosmological parameters used throughout this pa-
per are: Ωλ = 0.7; ΩM = 0.3; and H0 = 70 kms
−1Mpc−1.
We define the spectral index α as S ∝ να.
2 OBSERVATIONAL INDICATIONS OF
COSMIC MAGNETIC FIELDS
2.1 Measuring Polarisation
All extragalactic radio sources emit radiation that is par-
tially polarised and a measurement of all four Stokes pa-
rameters provides the necessary information to completely
describe the polarisation state of the electromagnetic radi-
ation received from a radio source. Stokes I represents the
total amount of radiation received, Stokes Q and Stokes U
contain the linearly polarised information, while Stokes V
contains the circularly polarised information. The linearly
polarised flux density of a radio source is calculated by:
P =
√
Q2 + U2 , (1)
and the percentage polarisation is calculated by:
Π =
(
total polarised flux
total flux
)
× 100% = P
S
× 100% . (2)
The statistical distribution of the noise when measur-
ing polarised intensity is non-Gaussian and has a non-zero
mean. Therefore the resulting value of P can be biased
high depending on the signal-to-noise. The removal of this
bias can be estimated as P0 =
√
P 2 − σ2 for a signal-to-
noise greater than 4 (Simmons & Stewart 1985). Also, errors
derived from the least-squares approach will be too small
(Wardle & Kronberg 1974).
2.2 Faraday Rotation
The amount of Faraday rotation of polarized radio waves
provides information on the strength and structure of the
magnetic field along the line of sight, and depends on three
factors: (1) the wavelength of the emission; (2) the electron
density of the medium; and (3) the strength of the line-
of-sight component of the magnetic field in the medium.
Expressed in equation form:
Φ = λ2
(
0.812
∫
ne ~B · d~l
)
rad , (3)
where ~B is the magnetic field (µG), d~l is an infinitesimal
distance along the line of sight towards the observer (pc),
λ is the observing wavelength (m), and ne is the electron
density (cm−3). The rotation measure (RM) is given by:
RM = 0.812
∫
ne ~B · d~l radm−2 , (4)
and is integrated from the source of the polarized radio
waves to the observer. A positive RM indicates that the
magnetic field component along the line of sight points to-
wards the observer, while a magnetic field pointing away
from the observer produces a negative RM.
Many factors contribute to the observed RMs of ex-
tragalactic radio sources, such as the Earth’s ionosphere
(RMion), the Milky Way foreground (RMMW), and any Fara-
day screens that could be intrinsic to the sources or lie be-
tween the source of the emission and the Milky Way, which
we shall we refer to as the ‘extragalactic RM’ (RMERS). The
sum of all these contributions is the RM that is measured:
RM = RMion +RMMW +RMERS , (5)
where RMion is typically 1 to 2 rad m
−2
(Sotomayor-Beltran et al. 2013). In section 4.4, we de-
rive a new method for extracting the RMERS for different
radio source populations.
3 SAMPLE SELECTION
3.1 Rotation Measure and Redshift Catalogue
We used data from the Hammond et al. (2012) cata-
logue, which contain spectroscopic redshifts for 4003 po-
larised radio sources from the rotation measure catalog
of Taylor et al. (2009) at 1.4GHz with a declination δ >
−40◦ and a flux density S1.4GHz > 11mJy in the red-
shift range 0 < z < 5.3. The polarisation informa-
tion comes from the NRAO VLA Sky Survey (NVSS;
Condon et al. 1998) which has an angular resolution of
45′′ and includes only those sources with a signal-to-noise
greater than 8 so that the noise bias correction for po-
larised flux density is negligible (Simmons & Stewart 1985;
George et al. 2012). Hammond et al. (2012) extracted red-
shifts from optical counterparts in the NASA/IPAC Extra-
galactic Database (NED; Helou et al. 1991), Set of Identi-
fications, Measurements and Bibliography for Astronomical
Data (SIMBAD; Wenger et al. 2000), Sloan Digital Sky Sur-
vey (SDSS; York et al. 2000), Six-degree Field Galaxy Sur-
vey (6dFGS; Jones et al. 2009), Two-degree Field Galaxy
Redshift Survey (2dFGRS; Colless et al. 2001), and the 2dF
QSO Redshift survey/6dF QSO Redshift survey (2QZ/6QZ;
Croom et al. 2004).
c© 2014 RAS, MNRAS 000, 1–12
Radio galaxies and their magnetic fields 3
Table 1. Distribution of polarised NVSS sources from the
Hammond et al. (2012) catalogue with a 5σ detection in each
WISE band.
WISE Band N Fraction of
sources detected
3.4µm 3741 93.5± 1.5%
4.6µm 3693 92.3± 1.5%
12µm 2729 68.2± 1.3%
22µm 1440 40.0± 1.1%
Any Band 3747 93.6± 1.5%
3.2 Wide-field Infrared Survey Explorer
The Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010) surveyed the sky at wavelengths
3.4, 4.6, 12, and 22µm with a 5σ point source sensitivity
in unconfused regions of at least 0.08, 0.11, 1.0, and
6.0mJy and angular resolutions of 6.1′′, 6.4′′, 6.5′′, and
12.0′′. This sensitivity depends on the ecliptic latitude,
with the poles having the greatest depth (Jarrett et al.
2011). The selection of these four bands makes WISE an
excellent instrument for studies of stellar structure and
interstellar processes of galaxies. The two shorter bands
trace the stellar mass distribution in galaxies and the longer
wavelengths map the warm dust emission and polycyclic
aromatic hydrocarbon (PAH) emission, both tracing the
current star formation activity.
Using the optical counterparts from the
Hammond et al. (2012) catalogue, we matched 3747
polarised radio sources to within 5′′ of their WISE ALLSky
Source Catalogue1 counterparts down to a 5σ detection
in at least one of the four WISE bands. Table 1 lists the
distribution of sources in the four WISE bands.
4 NATURE OF POLARISED RADIO SOURCES
The key findings of this section are summarised in Table 2.
4.1 WISE Colours of Polarised ERS
The WISE [4.6] − [12] and [3.4] − [4.6] colour-colour dia-
gram is a good tool to distinguish different galaxy popula-
tions as outlined by the coloured shapes in Fig. 1, which
have been defined by Wright et al. (2010) and Jarrett et al.
(2011). Infrared emission dominated by light from evolved
stars is found near zero colour, stretching to redder colours
along the [4.6] − [12] axis towards more luminous evolved
populations as traced by the 12µm light and the power-law
mid-infrared spectrum of AGN dominates the redder WISE
colours in [3.4]− [4.6] (Jarrett et al. 2011; Stern et al. 2012).
The general “AGN” region covering QSOs to Seyfert galax-
ies, as defined by Jarrett et al. (2011), is illustrated by the
box shown in upper right of Fig. 1 (hereafter WISE–AGN).
The region redward of the AGN box is populated by the
most luminous infrared galaxies, while the region defined to
1 http://irsa.ipac.caltech.edu/Missions/wise.html
Figure 1. WISE colour-colour diagram, plotted in units of mag-
nitude, for the polarised ERS with a 5σ detection in the three
WISE bands of 3.4, 4.6, and 12µm. The upper-right box indi-
cates the region of WISE–AGN and the lower-left box indicates
the region of WISE–Stars; all areas are described by Jarrett et al.
(2011).
Figure 2. Percentage polarisation as a function of WISE colour
(a) [4.6] − [12] and (b) [3.4] − [4.6] from Fig. 1. The red dashed
lines indicate the boundary of WISE–Star region and the solid
black lines indicate the boundary of the WISE–AGN region as
defined in Fig. 1.
be dominated by the infrared emission from starlight is de-
fined by the box shown in the lower left of Fig. 1 (hereafter
WISE–Star). The dots in Fig. 1 show the 2724 polarised
NVSS ERS with a 5σ WISE detection in the 3.4, 4.6, and
12µm bands. The polarised ERS in our sample clearly fall
primarily in these two regions, with 266 polarised ERS in the
region defined as WISE–Star and 2056 ERS in the WISE–
AGN region.
In Fig. 2 we plot the percentage polarisation of the
sources from Fig. 1 as a function of the WISE colours.
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Table 2. Summary of key results from section 4 for the two WISE populations of polarised ERS including: redshift range, median
redshift, spectral index range, median spectral index, luminosity range, median angular and linear sizes, and rotation measure. The
errors in σerr indicate the 1-sigma range.
Population z < z > α1400325 < α
1400
325 > L1.4 (W Hz
−1)
Full 0.001 < z < 5.3 0.78 −2.62 < α < 3.36 −0.68 ± 0.02 6× 1021 < L < 1× 1029
WISE–AGN 0.500 < z < 3.7 1.03 −2.62 < α < 3.01 −0.63 ± 0.02 9× 1023 < L < 7× 1028
WISE–Star 0.006 < z < 0.8 0.06 −1.94 < α < 1.50 −0.59 ± 0.05 6× 1021 < L < 7× 1025
Population < θAS > (
′′) < θLS > (kpc) σERS (rad m
−2) σerr (rad m−2)
Full 37 ± 1 214 ± 5 6.3 < σERS < 6.9 (± > 0.3) 10.3 ± 0.1
WISE–AGN 34 ± 1 253 ± 8 12.0 < σERS < 12.1 (± > 0.2) 6.4 < σerr < 6.5 ± 0.2
WISE–Star 58 ± 5 69 ± 8 7.4 < σERS < 8.7 (± > 1.0) 9.2 < σerr < 9.4 ± 0.9
Figure 3. (a) Distribution of log(S1.4GHz) vs. log(P1.4GHz) for the polarised ERS in Fig. 1. The red dots indicate the polarised ERS
in the WISE–Star region, while the black dots indicate the polarised ERS in the WISE–AGN region. The solid diagonal lines indicate
the Π = 1 (right), 10 (middle), and 100 per cent (left) percentage polarisation levels. Also plotted are the 8σQU flux density limit of the
Taylor et al. (2009) catalogue and the 5σQU flux density limit from NVSS (Condon et al. 1998). (b) Percentage polarisation histogram
of the fraction of polarised ERS in the WISE–AGN (black line) and WISE–Star (red line) regions for S1.4GHz 6 100mJy as indicated
by the vertical dashed line in (a). (c) The same histogram as in (b) but for S1.4GHz > 100mJy.
Fig. 2(a) shows the [4.6] − [12] WISE colour and Fig. 2(b)
shows the [3.4] − [4.6] WISE colour along with the bound-
ary of the WISE–AGN (black lines) and WISE–Star (red
dashed lines) regions. The mean percentage polarisation of
the WISE–AGN ERS < ΠAGN >= 3.6 ± 0.2 per cent (me-
dian ΠAGN = 3.2 per cent) and for the WISE–Star ERS
< ΠStar >= 10.0 ± 0.5 per cent (median ΠStar = 7.5 per
cent). The polarised ERS that fall into the WISE–Star re-
gion show a higher percentage polarisation by a factor of 3
than the polarised ERS in the WISE–AGN region.
The distribution of total flux density (S1.4GHz) and
polarised flux density (P1.4GHz) can be seen in Fig. 3(a).
The polarised WISE–AGN ERS are indicated by black dots,
while the polarised WISE–Star ERS are indicated by red
dots; the solid diagonal lines indicate Π = 1, 10, and 100
per cent. We split the sample into two flux density bins: (1)
S1.4GHz > 100mJy; and (2) S1.4GHz 6 100mJy which re-
sults in a similar number of sources with S1.4GHz 6 100mJy
for both polarised ERS populations. We plot the percentage
polarisation distribution of the two polarised ERS popula-
tions in Fig. 3(b) for S1.4GHz 6 100mJy and Fig. 3(c) for
S1.4GHz > 100mJy.
For the polarised ERS with S1.4GHz 6 100mJy,
Fig. 3(b), we have 98 WISE–AGN sources and 94 WISE–
Star sources. We found the mean percentage polarisation
< ΠAGN >= 6.7 ± 0.2 per cent for the WISE–AGN popula-
tion and < ΠStar >= 14.0± 0.7 per cent for our WISE–Star
population. We did a KS test of the percentage polarisation
of the two ERS populations and found that the two distri-
butions are not drawn from the same parent population at
the 99 per cent significance level.
For the polarised ERS with S1.4GHz > 100mJy,
Fig. 3(c), we have 1958 WISE–AGN sources and 172 WISE–
Star sources. We found the mean percentage polarisation
< ΠAGN >= 3.5 ± 0.1 per cent for the WISE–AGN popula-
tion and < ΠStar >= 7.7 ± 0.5 per cent for our WISE–Star
c© 2014 RAS, MNRAS 000, 1–12
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Figure 4. Redshift distribution of polarised ERS in the two re-
gions defined in Fig. 1. The red dashed line represents the 266
polarised WISE–Star ERS. The black solid line represents the
2056 polarised WISE–AGN ERS.
population. We did a KS test of the percentage polarisation
of the two ERS populations and found that the two distri-
butions are not drawn from the same parent population at
the 99 per cent significance level.
4.2 Redshift Distribution
Fig. 4 shows the redshift distribution of the two source pop-
ulations as defined in Section 4.1. The polarised WISE–Star
population are found to be low-redshift galaxies in the range
0.006 < z < 0.8, while the polarised WISE–AGN population
are high redshift galaxies, and therefore more luminous, in
the range 0.5 < z < 3.7. We recognise that WISE is not sen-
sitive to early-type galaxies at high redshift as they are too
faint. Our sample of galaxies at high redshift must consist of
luminous AGN or starburst or a mixed population of both.
4.3 1.4GHz Monochromatic Luminosity
Distribution
The 1.4GHz monochromatic luminosity (L1.4GHz) of the
4003 radio sources from the Hammond et al. (2012) cata-
log was calculated using the equations of Hogg (1999):
L1.4GHz =
4πD2LS1.4GHz
(1 + z)
(1 + z)−α , (6)
where DL is the luminosity distance, S1.4GHz is the flux
density at 1.4GHz, α the spectral index and z is the redshift.
Spectral indices are required to calculate the monochro-
matic luminosity of the ERS. We calculated spectral in-
dices from the 325MHz Westerbork Northern Sky Sur-
vey (WENSS; Rengelink et al. 1997), which covers decli-
nations > 28.5◦. WENSS has an angular resolution of
54′′ × 54′′cosecδ and contains more than 200, 000 sources
down to a flux density of S325MHz = 18mJy. Fig. 5 shows the
distribution of spectral indices for the twoWISE populations
of polarised ERS. The median spectral index of polarised
Figure 5. Spectral index distribution between 1400 − 325MHz
of the polarised ERS in our sample. The WISE–Star ERS is indi-
cated by the red dashed line and the WISE–AGN ERS is given by
the black solid line. The median spectral index for the WISE–Star
population is −0.59 ± 0.05 and −0.63 ± 0.02 for the WISE–AGN
polarised ERS population.
Figure 6. Percentage polarisation versus luminosity for our sam-
ple of polarised ERS. The polarised WISE–AGN ERS are shown
by the black dots, while the WISE–Star ERS are shown with
red diamonds. A power law was fit to the full data set (solid
black line), only to the WISE–AGN population (solid blue line
on right), and only to the WISE–Star population (solid blue
line on left). For comparison, the fit from Banfield et al. (2011)
is shown as the black dashed line. For the full sample of po-
larised ERS β = −0.13 ± 0.01, for the WISE–AGN population
β = −0.08 ± 0.01, and β = −0.29 ± 0.05 for the WISE–Star
polarised ERS population.
c© 2014 RAS, MNRAS 000, 1–12
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WISE–Star ERS (NStar = 78) is −0.59 ± 0.05, while the
polarised WISE–AGN ERS (NAGN = 731) is −0.63 ± 0.02.
In Fig. 6, we plot the monochromatic luminosity of po-
larised ERS in the two WISE populations. The luminosity
range of our full sample of polarised ERS is 6 × 1021 <
L1.4GHz < 1 × 1029 W Hz−1, while for the WISE–AGN po-
larised ERS population the range is 9 × 1023 < L1.4GHz <
7× 1028 W Hz−1, and WISE–Star galaxies have 6× 1021 <
L1.4GHz < 7 × 1025 W Hz−1. Our two WISE polarised
ERS populations split into two separate regions around
L1.4GHz ∼ 1025 WHz−1 with the WISE–Star population fill-
ing out the lower-luminosity side of the plot and the WISE–
AGN population filling out the higher-luminosity side of the
plot. Following the relationship from Banfield et al. (2011),
a power law of the form:
Π
Π0
=
(
Lν
L0
)β
, (7)
was fit to the data. For the full sample of polarised ERS
β = −0.13 ± 0.01, for the WISE–AGN population β =
−0.08 ± 0.01 and β = −0.29 ± 0.05 for the WISE–Star
population. We ran a Spearman rank correlation test on the
two population fits to determine the relationship between
percentage polarisation and monochromatic luminosity at
1.4GHz. There is a moderate negative linear correlation for
the WISE–Star population (rs,star = −0.53 ± 0.07, Nstar =
78, p < 0.01) and a weak negative linear correlation for the
WISE–AGN population (rs,AGN = −0.24 ± 0.02, NAGN =
731, p < 0.01).
4.4 Rotation Measures
In order to compare the extragalactic contributions to the
RMs of the nearby WISE–Star sources and the distant
WISE–AGN we have to correct for the RM contributions
by the Galactic foreground and measurement errors. We
follow the method described in Schnitzeler (2010) to cor-
rect for Galactic RM foregrounds, which separates Galac-
tic from extragalactic RM contributions based on the idea
that the former contributions are correlated between sight-
lines, while the latter are not. First we split the data into
strips along Galactic longitude and use cubic spline fitting to
remove large-scale RM gradients along Galactic longitude.
The strips span only a narrow range in Galactic latitude to
suppress the variation in Galactic RM with Galactic lati-
tude. In Appendix A we show how the measured RM vari-
ance of the ensemble after the cubic spline fitting can be
written in terms of the RM variance that is built up outside
the Milky Way (σ2ERS), the variance that is due to measure-
ment errors (σ2err), and a residual RM variance due to the
Milky Way (σ2MW) that could not be removed as:
σ2RM =
(
σ2ERS + σ
2
err
)(Nlos −Nstrips
Nlos − 1
)
+
Nstrips∑
strip i=1
Ni
Nlos − 1 (〈RM〉strip i − 〈RM〉all strips)
2 +
Nstrips∑
strip i=1
(
Ni − 1
Nlos − 1
)
σ2MW,i, (8)
where Nlos is the total number of sightlines in the ensemble,
Nstrips is the total number of strips along Galactic longi-
tude and Ni is the number of useable sightlines in strip i.
〈RM〉strip i and 〈RM〉all strips indicate the mean RM in a
single strip and the mean RM of all sightlines combined, re-
spectively. The strips in Equation 8 are used to correct for
the RM variance from the Milky Way that remains after cu-
bic spline fitting (σ2MW); these strips do not have to be the
same as the strips that we used for cubic spline fitting. In
our analysis we only use sightlines that lie further than 20◦
from the Galactic plane to avoid regions where the Galactic
RM shows complex behaviour. We consider only sightlines
if they belong to strips with at least 5–15 sightlines (i.e.,
polarised ERS) in them; we vary this number, and we vary
the width of the strips between 5–15 degrees in Galactic
longitude to check how robust our results for σ2ERS are. If
the number of sightlines in a strip is smaller than a spec-
ified minimum then all sightlines that belong to the strip
are excluded from our analysis. The mean, standard devia-
tion, and variance are calculated using robust statistics that
reject outliers at the 3-sigma level.
We test our method using all sightlines and find σERS =
6.7− 6.9 rad m−2 (± > 0.3 rad m−2). As we explain in Ap-
pendix A, we can calculate only a lower limit to the un-
certainty in σERS. We then shift the strips by half a strip
width to enable Nyquist sampling in Galactic latitude, and
recalculate σ2ERS, finding σERS = 6.3− 6.5 rad m−2. From a
Monte Carlo simulation we derive σerr = 10.3 ± 0.1 rad m−2
(1–sigma). Schnitzeler (2010) derived σERS ≈ 6 rad m−2 and
σerr = 10.4 ± 0.4 rad m−2, in good agreement with the val-
ues we found.
The polarised ERS identified as WISE–AGN have σERS
between 12.0 and 12.1 rad m−2 (± > 0.2 rad m−2), while
σerr = 6.4− 6.5 ± 0.2 rad m−2. The extragalactic RM vari-
ance of the WISE–AGN is considerably larger than the ex-
tragalactic RM variance of the ensemble of all sources. The
RM variance of the ensemble can be written as a weighted
mean of the RM variances of the subpopulations; our obser-
vation that the subpopulation of WISE–AGN sources has a
much larger RM variance than the ensemble as a whole im-
plies that the subpopulations must cover a wide range of RM
variances. At different redshifts different subpopulations will
contribute to the ensemble, which leads to a change in the
RM variance in the ensemble as a function of redshift that
could be misinterpreted as a signal from cosmological large-
scale structure. Therefore, when studying cosmological RM
contributions, one should try to understand the composition
of the ensemble of sources from which the RM variance is
calculated.
Because the number of WISE–Star sources is so much
smaller than the number of WISE–AGN sources, strips that
we use to correct for σ2MW often contain fewer WISE–Star
sources than the required minimum number of sources. We
also found that for a strip width of 5 degrees the distribution
of WISE–Star RMs could be non-Gaussian. To minimise the
impact of these two effects, for WISE–Star sources we only
use strip widths of 10◦ and 15◦, and we found that σERS =
7.4− 8.7 rad m−2 (± > 1.0 rad m−2) and σerr = 9.2− 9.4 ±
0.9 rad m−2.
Based on the σERS of the WISE–Star and the WISE–
AGN sources we conclude that they are different at the (.)
4-sigma level. In Appendix A we explain why the uncer-
tainties in σERS that we derive are lower limits, turning the
c© 2014 RAS, MNRAS 000, 1–12
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Figure 7. (a) Distribution of median angular size as a function
of percentage polarisation for the two WISE polarised ERS pop-
ulations. (b) Distribution of median angular size as a function of
total flux density for the two WISE polarised ERS populations.
The WISE–AGN population is shown with black dots and the
WISE–Star population is shown with red stars. The errors bars
are the standard error on the mean. The median angular size of
the two populations is shown with the solid lines.
Figure 8. (a) Distribution of median linear size as a function of
percentage polarisation for the two WISE polarised ERS popula-
tions. (b) Distribution of median linear size as a function of total
flux density for the two WISE polarised ERS populations. The
WISE–AGN population is shown with black dots and the WISE–
Star population is shown with red stars. The errors bars are the
standard error on the mean. The median linear size of the two
populations is shown with the solid lines.
statistical significance of the difference in σERS between the
two populations into an upper limit.
4.5 Polarised ERS Angular and Linear Size
Distribution
Using the Faint Images of the Radio Sky at Twenty Cen-
timeters (FIRST; White et al. 1997) survey, we determined
the angular size for 2088 of our polarised ERS. We esti-
mated the angular size by locating the 5σ boundary of the
radio source and measuring the distance between boundary
edges. The median angular size of the polarised WISE–Star
ERS population is < θAS >= 58 ± 1′′ and for the po-
larised WISE–AGN ERS population < θAS >= 34 ± 1′′.
Both populations are resolved in FIRST (θ ∼ 5′′), con-
sistent with polarised radio sources being resolved lobe-
dominated sources (Grant et al. 2010). Our findings are con-
sistent withRudnick & Owen (2014) who found a small frac-
tion of their polarised sources with angular sizes > 50′′. In
Fig. 7, we plot the angular size distribution with total flux
density and percentage polarisation distribution for the two
separate WISE polarised ERS populations. The polarised
ERS were binned so that each bin contained roughly the
same number of sources, and the median value of the an-
gular size was determined for each bin. The median values
for the WISE–Star population are indicated by red stars
in Fig. 7, while the WISE–AGN population median angular
size values are plotted with black dots. There is a separation
in the median angular sizes between the two WISE polarised
ERS populations, with the WISE–Star population having
larger angular sizes than the WISE–AGN population. We
note that the median angular sizes do not change signifi-
cantly with percentage polarisation and total flux density
for both populations.
We investigated the effect of resolution by comparing
the percentage polarisation of sources resolved in NVSS,
θAS > 45
′′, and those unresolved in NVSS, θAS < 45
′′. For
the polarised ERS resolved in NVSS we find that the WISE–
AGN polarised ERS have a median angular size of 55 ± 1′′
and a median percentage polarisation of 3.6 ± 0.2%, while
the WISE–Star polarised ERS are larger with a median an-
gular size of 66 ± 3′′ and a median percentage polarisation
of 6.3± 0.9%. For our sources that are unresolved in NVSS
we find that the WISE–AGN polarised ERS have a median
angular size of 31 ± 1′′ and a median percentage polarisa-
tion of 3.3± 0.1%, while the WISE–Star polarised ERS are
larger with a median angular size of 35 ± 1′′ and a median
percentage polarisation of 9.5 ± 1.4%. The percentage po-
larisation for the WISE–AGN and WISE–Star populations
is constant for the two angular size bins.
In Fig. 8 we plot the linear size of both classifications of
polarised ERS as a function of percentage polarisation and
total flux density. We calculated the linear size of the po-
larised ERS using the method outlined by Hogg (1999). The
polarised WISE–AGN ERS population tends to be larger in
linear size compared to the polarised WISE–Star ERS popu-
lation. We have also plotted the median linear size values for
theWISE–AGN population (black dots) and theWISE–Star
(red stars) populations. Our two polarised ERS populations
show a large difference in linear size. The median linear size
of the WISE–AGN population is θLS = 253 ± 8 kpc and for
the WISE–Star population 69± 8 kpc. We note that the me-
dian linear size value remains constant for both populations
as a function of both percentage polarisation and total flux
density.
5 SELECTION EFFECTS
We acknowledge that there are selection effects with our
polarised ERS populations and we discuss each briefly.
1. WISE detections: WISE was built to survey the entire sky
in the mid-infrared. As a result, WISE will observe the full
extent of the obscured AGN and QSO and detect the Ultra-
luminous Infrared Galaxies (Wright et al. 2010). However,
WISE is not sensitive to elliptical or lenticular galaxies at
high redshifts as these types of galaxies contain little dust
and gas and will fall below the detection threshold of WISE.
Elliptical galaxies are known to host powerful AGN so our
sample of polarised WISE–Star sources is biased toward low
redshift, whereas our sample of WISE–AGN sources will be
detectable out to z = 3 (Wright et al. 2010). We also note
that highly luminous quasar-like galaxies are rare at low
redshift and as a result of these effects our two populations of
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polarised ERS do not overlap significantly in redshift space,
see Fig. 4.
2. Redshift selection: The Hammond et al. (2012) catalogue
contains redshifts from various optical surveys with differ-
ent sensitivity limits as mentioned in Section 3.1. A number
of high-redshift AGN will not be detected in these surveys
as the optical host galaxy is fainter than their counterpart
at low-redshift. Therefore, the Hammond et al. (2012) cat-
alogue will be biased towards optically brighter and more
nearby AGN.
3. Polarised flux density detection limit: In all polarisation
studies there is a bias towards high percentage polarisation
near the detection limit of the images. We see this bias in our
sample (Fig. 6) where there is a shortage of polarised ERS
with Π 6 3% at L1.4GHz 6 10
25 W Hz−1. Both the WISE–
AGN and WISE–Star ERS suffer from selection effects in
the same way. There are no highly polarised WISE–AGN
at S1.4GHz 6 100mJy in Fig. 3(a) which, if there are any,
should have been detected. Instead, we only detect highly
polarised WISE–Star ERS at these flux density levels.
Although WISE is sensitive to certain types of galaxies,
we find that our sample splits nicely into two separate host
galaxy populations as shown in Fig. 1 and with this split
we analyse the properties of both samples. We acknowledge
that our sample is not statistically complete and that we
may be affected by unknown selection effects not mentioned
above. We notice this possibility in the fact that our mean
Π for both populations is higher than estimated by both
Mesa et al. (2002) and Tucci et al. (2004). We also notice in
both Fig. 3(a) and Fig. 6 that there is a lack of highly po-
larised WISE–AGN sources across all flux densities whereas
the WISE–Star population begins to fill out this area at
S1.4GHz 6 100mJy regardless of the fact that only highly
polarised sources are detected at the faint flux density levels.
The fact that we do not detect the WISE–AGN with high
percentage polarization at S1.4GHz 6 100mJy demonstrates
a change in the intrinsic properties of polarised ERS as the
percentage polarization is greater for WISE–Star than for
WISE–AGN at these flux densities. In the next section we
discuss possible astrophysical reasons for our findings noting
these selection effects in our data.
6 DISCUSSION
6.1 Is the polarisation correlation with flux real?
Mesa et al. (2002) and Tucci et al. (2004) found an in-
verse correlation between the percentage linear polarisa-
tion and total flux densities of NVSS sources, so that
faint sources were more highly polarised. A similar re-
sult was found for the ELAIS-N1 sources by Taylor et al.
(2007) and Grant et al. (2010), and for ATLBS sources by
Subrahmanyan et al. (2010). Rudnick & Owen (2014) shows
that the Grant et al. (2010) completeness correction is too
large at the faintest polarised flux density bins but they also
come to the conclusion that the population of polarized ra-
dio sources changes in composition.
However, Hales (2013), while finding an observational
increase in percentage polarisation with decreasing flux den-
sity in the ATLAS data set, attributed this entirely to se-
lection effects, including the non-detections which must be
accounted for in a full statistical treatment. Once the data
were corrected for these effects, Hales (2013) found that the
percentage polarisation of their sources showed no depen-
dence on flux density, agreeing with results at higher fre-
quencies by Massardi et al. (2013). These results cast doubt
on earlier results that had found such dependence.
We show that the correlation between percentage polar-
isation and flux density is real and can not be the result of
selection effects. Fig. 3 shows that sources with a WISE clas-
sification of star (i.e. passive and quiescent galaxies) show an
increase in fractional polarisation with decreasing flux den-
sity, while a weaker trend is found for sources with a WISE
classification of AGN (i.e. luminous quasar-like galaxies).
Selection effects in total flux density affect both the WISE–
Star and WISE–AGN populations at low total flux density
and polarised flux density. If the overall increase with per-
centage polarisation with decreasing flux density were due to
bias or selection effects in the radio data, then, for a given
radio flux density or percentage polarisation, these effects
would show no correlation with WISE colours. This is in-
consistent with Fig. 2 and Fig. 3, which demonstrates that
the percentage polarisation depends on WISE colours.
Given that the effect is demonstrably present in our
data set, we can then examine why Hales (2013) failed to
detect it after removing selection effects. Data from Hales
(2013) probe much lower radio flux densities, so probe much
larger redshift range, over a much smaller area than our data
set. Since quiescent galaxies result from hierarchical merg-
ing of star-forming galaxies, they are less numerous at high
redshift than at low redshift. It is therefore likely that the
data from Hales (2013) include a smaller number of WISE–
Star galaxies, and so the trend we see here will be very
much reduced in the Hales (2013) data set. If this explana-
tion is correct, then the inconsistency between Hales (2013)
and other authors is an indication not of problems with the
data, but of cosmic evolution of the space density of quies-
cent galaxies. This will be investigated further in the ATLAS
Data Release 3 by Banfield et al. (in preparation).
6.2 The origin of the polarisation correlation with
flux
Shi et al. (2010) and Banfield et al. (2011) conclude that the
inverse correlation of percentage polarisation and total flux
density may be a result of the intrinsic properties of the po-
larised ERS. Using ERS with Π > 30 per cent, Shi et al.
(2010) show that polarised ERS at 1.4GHz are contained
within elliptical galaxies and that there is no dependence on
the source environment compared to low-polarisation ERS.
Banfield et al. (2011) confirmed that there is no trend of
percentage polarisation with redshift, however, a trend of
increasing percentage polarisation with decreasing luminos-
ity was found. Hammond et al. (2012) found that polarised
ERS with optical counterparts classified as galaxies have
higher polarisation percentages compared to polarised ERS
with optical classifications as quasars, agreeing that a pop-
ulation change in polarised ERS may be the cause of the
inverse correlation between percentage polarisation and to-
tal flux density.
Our sample of polarised ERS shows a strong distinction
between two different galaxy populations. The two popu-
c© 2014 RAS, MNRAS 000, 1–12
Radio galaxies and their magnetic fields 9
lations differ in both infrared colours and radio polarisa-
tion properties. The WISE–AGN ERS are radio-loud AGN
at high radio luminosity and have larger linear sizes com-
pared to the WISE–Star ERS. The infrared emission from
the WISE–AGN can originate from dust that is being heated
by some combinations of AGN and star formation activity.
The WISE–Star ERS are also radio-loud AGN at lower radio
luminosity and have smaller linear sizes. The infrared emis-
sion from the WISE–Star originates from the stars within
the galaxy, pointing to an old elliptical galaxy. The WISE–
AGN population show lower percentage polarisation than
the WISE–Star population.
Our results confirm the previous Taylor et al. (2007),
Banfield et al. (2011), and Hammond et al. (2012) that the
percentage polarisation increases with decreasing total flux
density is the result of a population change. Our sample of
highly polarised ERS are found to be part of the WISE–
Star population, endorsing the result from Shi et al. (2010)
that the polarised radio sources are inside elliptical galax-
ies. Since Hales (2013) find no such trend after removing
selection effects, we conclude that the Hales (2013) data set
contain fewer WISE–Star ERS. Further investigation is re-
quired to determine if there is an evolution of one population
of polarised ERS to another population of polarised ERS.
6.3 Environments of polarised radio sources
High-redshift radio galaxies (HzRGs; Seymour et al. 2007;
De Breuck et al. 2010) are radio galaxies found at 1 < z < 5
and are indicators of large overdensities or proto-clusters in
the early Universe (Miley & De Breuck 2008). Our sample
of polarised WISE–AGN lie between z = 0.5 and z = 3.7
with luminosities in the range of 9 × 1023 < L1.4 < 7 ×
1028 W Hz−1; placing our sources in the category of HzRGs.
Humphrey et al. (2013) provide evidence that HzRGs in
these over dense regions can be surrounded by giant ionised
gas halos. Radio observations of Cygnus A by Dreher et al.
(1987) revealed large fluctuations in RM across the lobes and
magnetic field reversals of the order ∼20 kpc. Dreher et al.
(1987) suggest that the intracluster medium (ICM) or a
sheath surrounding the radio lobes can cause these high
RMs. Models by Bicknell et al. (1990) suggest a turbulent
interface between the magnetised plasma in the radio lobe
and the ICM causing reversals in the magnetic field. Re-
cent observations of Centaurus A by O’Sullivan et al. (2013)
provide evidence of depolarisation across radio lobes from
the presence of a significant amount of thermal gas within
the lobes. Bell & Comeau (2013) examine a sample of ra-
dio sources exhibiting the Laing-Garrington effect and show
that the depolarisation cannot be explained by beaming.
Farnes et al. (2014) compared total intensity spectral in-
dices with polarised spectral indices to show that there are
two populations of polarised radio sources: core- and jet-
dominated sources. Farnes et al. (2014) suggest that these
two different source populations undergo different depolar-
isation mechanisms based on the local source environment.
Our work support the conclusions from other authors that
WISE–AGN have larger linear sizes consistent with being
more powerful and lower percentage polarisation. As the ra-
dio galaxy expand through the over dense regions surround-
ing the host galaxy, mixing between the radio lobes and the
surrounding gas tangles the magnetic field line, which results
in depolarisation.
6.4 Extragalactic rotation measures
The WISE–Star and WISE–AGN populations have different
RM variances, which is a combination of the different phys-
ical properties of these radio sources (star-forming galaxies
versus AGN) and from the longer lines of sight towards the
WISE–AGN sources, which can host more intervening ob-
jects that leave their imprint on the RMs of the background
sources. We write the extragalactic RM contributions that
we find after removing the Galactic foreground contribution
as
RM = RMMW,res +RMweb +RMcluster +RMMg II +
RMint
(1 + z)2
+ rest , (9)
which decomposes the extragalactic RM into contributions
by the Milky Way that have not been completely removed,
intervening structures in the cosmic web, galaxy clusters,
and Mg II absorbers, the source-intrinsic RMs corrected for
their redshift z, and a rest term which we will show plays
only a very small role. Assuming that the RMs in Equa-
tion 9 follow Gaussian distributions, the RM variances can
be written as:
σ2RM = σ
2
RM,MWres + σ
2
RM,web + σ
2
RM,cluster + σ
2
RM,Mg II +
σ2RM,int
(1 + z)4
+ σ2rest . (10)
Here we used 〈RMMW,res〉 ≈ 0 rad m−2 from our simula-
tions, and the fact that the net RMs in intervening objects
are zero on average. While clusters can have a consider-
able impact on the RM variance of background sources (e.g.,
Clarke 2004), Johnston-Hollitt & Grimwood (2011) showed
that the mean RM of sources from the NVSS catalogue that
lie behind clusters is ≈ 0 rad m−2.
From the simulations by Akahori & Ryu (2011) and the
observations by Joshi & Chand (2013) we can estimate the
contributions by cosmological large-scale structure and in-
tervening Mg II absorbers, respectively, on the extragalac-
tic RM variances that we observed. While some of Mg II
absorption can be associated with the host quasars (e.g.,
Farina et al. 2014) or host galaxies (e.g., Bordoloi et al.
2014) themselves, in our analysis we should only correct
for the contribution by intervening Mg II absorbers that are
not associated with the host quasars or galaxies. In their
study of the RM imprint of intervening Mg II absorbers,
Joshi & Chand (2013) considered only Mg II absorbers with
relative velocities of more than 5000 km s−1 with respect to
the background quasars. We estimate the contribution by
intervening Mg II absorbers to the σRM we derived based on
this analysis by Joshi & Chand (2013) of intervening Mg II
systems.
For the high-redshift WISE–AGN (median redshift of
1.02) large-scale structure contributes 7–8 rad m−2. Models
‘ALL’ and ‘CLS’ from Akahori & Ryu (2011) predict larger
standard deviations in RM, but contain contributions by
galaxy clusters that could not be properly modeled given
the cell size of the simulations, as the authors mention in
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their section 2.2. Joshi & Chand (2013) found that sight-
lines with Mg II absorbers show an increase in the stan-
dard deviations in RM by 8.1 ± 4.8 rad m−2, and that
about 1/3 of the sightlines towards high-redshift sources con-
tain one or more Mg II absorbers. Combining the increased
RM variance due to intervening Mg II absorbers with the
frequency with which such systems are encountered gives
σ2RM,Mg II = 18.4 (rad m
−2)2. For the low-redshift WISE–
Star sources (median redshift of 0.06) large-scale structure
contributes ≈ 1.4 rad m−2, and we assume that the con-
tribution by Mg II absorbers is negligible given the short
sightlines towards the WISE–Star sources.
With this information we can write out Equation 10 sep-
arately for the low-redshift WISE–Star sources and the high-
redshift WISE–AGNs, and subtract the two expressions. Us-
ing the RM variances that we derived for theWISE–Star and
WISE–AGN samples that we determined in Section 4.4, one
can show that(
σ2RM,cluster +
σ2RM,int
(1 + z)4
)
z≈1
=
(
σ2RM,cluster +
σ2RM,int
(1)2
)
z≈0
+ 8 (rad m−2)2 , (11)
where the numerical term was calculated as 144-64-18-(56-
2) (rad m−2)2, combining the extragalactic RM variances of
the high-redshift WISE–AGNs and low-redshift WISE–Star
sources, and the contribution by the cosmic web and Mg II
absorbers. Given the very different physical properties of
the WISE–AGN and WISE–Star sources, which are reflected
in σRM,int, and the contributions by clusters that we could
not estimate, the ‘excess’ of 8 (rad m−2)2 in the variance
is very small. This excess includes the difference in residual
contributions by the Milky Way for the WISE–AGN and
WISE–Star sources, and contrbutions by sources along the
line of sight that we included as the rest term in Equations 9
and 10.
Long lines of sight have a higher chance of passing
through galaxy clusters than short lines of sight, and as a
result,
(
σ2RM,cluster
)
z≈1
>
(
σ2RM,cluster
)
z≈0
. Therefore Equa-
tion 11 also implies that the distribution of the source-
intrinsic RMs of the WISE–AGN, measured in terms of the
standard deviation, is at most four times as wide as the dis-
tribution of RMs of the WISE–Star star-forming galaxies,
if the standard deviation of the WISE-Star galaxies itself is
not too small.
7 CONCLUSIONS
Using the Hammond et al. (2012) catalogue of Faraday ro-
tation measures and redshifts for 4003 ERS detected at
1.4GHz, we have shown that polarised radio sources split
into two types of host galaxies at two separate redshift
ranges, as such the two populations are investigated sep-
arately and a larger sample of polarised radio sources is re-
quired to examine if one population evolves into the other
population. We find the following:
(1) the anti-correlation between percentage polarisation and
total flux density is real as the percentage polarisation de-
pends on WISE mid-infrared colour;
(2) the polarised ERS separate clearly into two infrared-
selected objects: WISE–Star sources that are low-redshift,
low-radio-luminosity elliptical galaxies, and WISE–AGN
which are high-redshift, high-radio-luminosity quasar-like
galaxies;
(3) our sample has a larger number of quiescent galaxies
than Hales (2013), suggesting that the inconsistency be-
tween the data sets is an indication of cosmic evolution of
the space density of quiescent galaxies;
(4) we suggest that the difference in the percentage polari-
sation of radio galaxies originates from the environment of
the host galaxy. Our WISE–AGN population is consistent
with HzRGs in denser environments where depolarisation is
more severe compared to the WISE–Star sources that are
not very active;
(5) we find that the extragalactic RM contributions to the
nearby WISE–Star and the distant WISE–AGN sources are
different; the distribution of source-intrinsic RMs of the
WISE–AGNs is at most four times as wide as the distribu-
tion of intrinsic RMs of the star-forming WISE–Star galaxies
if the distribution of intrinsic RMs of the WISE–Star sources
itself is at least several rad m−2 wide; and
(6) we also detect no evolution of RM with redshift, suggest-
ing that the RM is a product of the intrinsic properties of the
radio galaxy and not a result of the intervening large-scale
structure of the Universe.
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APPENDIX A: DERIVATION OF
EXTRAGALACTIC ROTATION MEASURES
Consider a population of polarised extragalactic radio
sources where each source has a rotation measure (RM).
This RM contains contributions from all along the sight: the
intrinsic RMs of the sources themselves; intergalactic space;
the Milky Way; and the Earth’s ionosphere. The RMs that
are built up inside and outside the Milky Way are much
larger than the ionospheric RM (Sotomayor-Beltran et al.
2013). Using the RM values from the catalogue by
Taylor et al. (2009), Schnitzeler (2010) has shown that the
RM contribution by the Galactic foreground can be sepa-
rated from the contribution from outside the Milky Way
because the foreground RM contributions are correlated be-
tween sightlines, while the latter does not depend on the
viewing direction in the Milky Way. Here we describe a sim-
ple method to calculate the extragalactic RM variance of the
radio sources. First we analyse how the RMs from different
parts of the line of sight contribute to the RM variance that
we measure for an ensemble of extragalactic sources, then
we outline a five-step method to calculate the extragalactic
RM variance of this ensemble. Similar to Schnitzeler (2010)
we only include sightlines that lie further than 20◦ from the
Galactic plane.
We use cubic spline fitting as described in Schnitzeler
(2010) to remove large-scale RM gradients along Galactic
longitude that are induced by the Milky Way. All RMs from
the catalogue by Taylor et al. (2009) are included in this
cubic spline fitting, also when we analyse the WISE–AGN
and WISE–Star subpopulations. The strips that we use to fit
and remove a cubic spline are four degrees wide in Galactic
latitude. We also calculate and remove a cubic spline fit to
strips that are shifted by two degrees (half a strip width) to
provide Nyquist sampling of all Galactic latitudes.
The observed RM of a radio source can be split into a
contribution by the Milky Way, a contribution from outside
the Milky Way, and the measurement error in RM as:
RMobs = RMMW +RMERS +RMerr . (A1)
After cubic spline fitting, the variance of an ensemble of
sightlines in a single strip along Galactic longitude can be
written as:
σ2RM = σ
2
MW + σ
2
ERS + σ
2
err , (A2)
since the contributing RMs all have the same mean value
(of 0 rad m−2). This ensemble can be a subset from the
catalogue by Taylor et al. (2009). When multiple strips are
combined the variance of the ensemble of sightlines can be
written as:
σ2RM =
1
Nlos − 1
Nlos∑
i=1
(RMobs − 〈RM〉1+...+M)2
=
N1 − 1
Nlos − 1
1
N1 − 1
∑
strip 1
(RMobs − 〈RM〉strip 1)2
+...+
NM − 1
Nlos − 1
1
NM − 1
∑
strip M
(RMobs − 〈RM〉strip M 〉)2 +
N1
Nlos − 1 (〈RM〉strip 1 − 〈RM〉1+...+M )
2
+...+
NM
Nlos − 1 (〈RM〉strip M − 〈RM〉1+...+M )
2 , (A3)
if Nlos sightlines are distributed over M strips. Nlos = N1 +
... + NM , where Ni is the number of sightlines in strip i.
〈RM〉1+...+M and 〈RM〉strip i indicate the mean RM of the
ensemble of all strips and the mean RM of all sightlines in
a single strip, respectively. Using Equation A2 to re-write
Equation A3, and combining the σ2ERS and σ
2
err terms from
the different strips, Equation A3 can be written as (equation
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8 in text):
σ2RM =
(
σ2ERS + σ
2
err
)(Nlos −Nstrips
Nlos − 1
)
+
N1 − 1
Nlos − 1σ
2
MW,1 + ...+
NM − 1
Nlos − 1σ
2
MW,M +
N1
Nlos − 1 (〈RM〉strip 1 − 〈RM〉1+...+M)
2
+...+
NM
Nlos − 1 (〈RM〉strip M − 〈RM〉1+...+M )
2 , (A4)
if there are Nstrips with usable sightlines.
Using Equation A4 we can calculate the variance of the
extragalactic RMs of the radio sources in the following way:
1. Calculate σ2RM for the ensemble of all sightlines after large-
scale RM gradients have been removed by cubic spline fit-
ting.
Then (working from right to left in Equation A4):
2. Correct for the difference between the mean RM of the
ensemble of all sightlines and the mean RM of sightlines be-
longing to a single strip,
3. Subtract the contribution by the Milky Way,
4. Divide by the bias-correction term, and
5. Subtract the variance in RM that is expected purely due
to the measurement errors of the RMs.
The mean RM of individual strips and of the ensemble
of all sightlines were found using robust statistics, where
RM outliers at the 3-sigma level were removed from the
ensemble.
Schnitzeler (2010) found that the Milky Way
contributes σRM,MW = 6.8 rad m
−2/sin (latitude) at
positive Galactic latitudes and σRM,MW = 8.4 rad
m−2/sin (−latitude) at negative Galactic latitudes. To cor-
rect for how these contributions change with Galactic lat-
itude we bin the ensemble of sightlines into strips along
Galactic longitude; the width of these strips does not have
to be the same as the width that we used to remove large-
scale RM gradients by cubic spline fitting. In our analysis we
only used sightlines from a strip if the number of sightlines
in that strip is larger than a threshold value. We varied both
the strip width and the threshold value to check how robust
our results are.
The bias-correction term (Nlos −Nstrips) / (Nlos − 1)
combines the bias-correction terms of the individual strips.
The remaining distribution of RMs consists of a contribution
by the RMs that are built up outside the Milky Way, and
a contribution by the measurement errors in RM. We use a
Monte Carlo process to simulate the width of the distribu-
tion if there is only noise from the measurement errors, and
no astrophysical signal. For each sightline we draw an RM
from a Gaussian distribution with zero mean and a stan-
dard deviation that is equal to the measurement error in
RM of that sightline. We then determine the standard devi-
ation and variance of the RM distribution of the ensemble
of sightlines, and repeat this process 5000 times to build
up a distribution of standard deviations and variances. We
use the square of the mean standard deviation of these 5000
runs for σ2err; using the mean of the variances gives negligible
differences for the σ2ERS that we derive.
We estimate the uncertainty in σERS in Equation A4,
err (σERS), from the uncertainties in σ
2
err, σ
2
MW,i,〈RM〉strip i,
and 〈RM〉1+...+M using the standard expression for error
propagation. We did not include the error in σ2RM because
this is difficult to estimate; the error in σERS that we de-
rive should therefore be interpreted as a lower limit on the
true error. The error in σ2err depends on whether one uses
σ2err = 〈σERS〉2 or σ2err = 〈σ2ERS〉, but in practice these error
terms contribute little to the overall error in σERS for the
ensemble of all sightlines, and for the subsamples of sight-
lines towards WISE–Star and WISE–AGN sources. In the
first case err
(〈σerr〉2) = SD(σerr) /√NMC, where SD () cal-
culates the standard deviation of the argument, and NMC
indicates the number of Monte Carlo runs. In the second
case err
(〈σ2err〉) = SD (σ2err) /√NMC.
The other errors are easier to calculate. err
(
σ2MW,i
)
can be derived from err (σMW,i) . 0.5 rad m
−2 based
on how sensitive the model curves in figure 3 from
Schnitzeler (2010) are to even small changes in σMW;
σMW = 0.5 rad m
−2 is a conservative upper limit.
err (〈RMstrip i〉) and err (〈RM1+...+M 〉) can be derived from
SD (RMstrip i) /
√
Ni and from SD (RM1+...+M ) /
√
Nlos, re-
spectively.
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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